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An analytical and experimental program was undertaken to study the use

of selective interference filters and highly reflective coatings for

temperature control of solar cells, Optical characteristics of reduced

bandpass filters and metallic reflective coatings as a function of angle

of incidence and temperature were measured and presented. Experimental

efforts included the measurement of fllter-adheslve-cell composite

performance under equilibrium temperature conditions at insolation levels

approximately equal to those encountered at 1.0, 0.6, and 0.4 AU, These

tests were performed on a model simulating a spinning spacecraft.

In addition, analytical studies were performed to determine the optimum

assembly using filters and/or reflective metallic coatings and to predict

solar cell temperature and performance at 1.0, 0.6, and 0.4 AU. The analysis

was also conducted for the case of spinning spacecraft _rlth solar cells

bonded to, but thermally insulated from, the spacecraft.

The results of the program illustrated the importance of thermal control

and confirmed that in the range of insolation considered the selective

interference filters seemed to produc_ the best method of thermal control.
0

The results also illustrated the importance of series resistance on solar

cell performance operating at high temperature and high insolation

conditions.

I
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1

SECTION 2

INTRODUCTION

Space missions requiring near sun approaches have produced increased impetus

for the study of advanced thermal control techniques. An examination of

the properties of solar cells indicates that substantial improvement in

performance can be obtained by adequate thermal control.

The use of highly selective interference filters as solar cell thermal

control devices has been suggested by many sources. The purpose of this

investigation is to analytically and experimentally examine the use of

filters and highly reflective coatings as a means of solar cell thermal

control.

This study has been directed toward predicting solar cell temperature and

performance at one, three, and six times the solar intensities at one sun

(140 mw/cm 2) air mass zero. The experimental investigation is limited

to the case of a spinning spacecraft with solar cells bonded to, but

thermally insulated from the spacecraft and will deal with temperature

and electrical performance of a single spinning solar cell, with various

types of coverglasses. The work reported includes three general areas.

These are :

a. The measurement of the optical characteristics of the reduced

band-pass filters and metallic reflective coatings as a function

of angle of incidence and temperature.

b. The analytical determination of the optimum assembly using filters

and/or reflective metallic coatings and the prediction of solar

cell temperature and performance at 1.0, 0.6, and 0.4 AU.

c. The experimental measurement of the performance of solar cell

assemblies with filters and with selected area fractions of

reflective coatings.

2
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These investigations were performed to establish a more complete under-

standing of the performance of solar cell assemblies under equilibrium

temperature conditions at high solar intensities.

Thanks are extended to Optical Coating Laboratory, Inc. and particularly

Dr. A. Thelen for their aid and assistance in evaluating the filters and

coatings measurements. The efforts of Mr. S. Shenkman on the analytical

studies and Mr. B. Mamula on the experimental tasks are acknowledged and

appreciated.

3
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i SECTIOH 3

SYMBOLS

a - Semiconductor Materials Property

A Areas, Square Meters

B Constant

C Thermal Capacitance, PCpV, Joule/°C

Cp Specific Heat, joule/kiloEram °C

E Voltage, volts

Eg Effective Thermal Band-gap,oElectron Volts

F - Fraction of Light, watts/cm"

Fay e Average Flux, watts/2

! Current o amps

Light Generated Current, Aups
Energy Intensity, watts/c 2

I Irs Energy Reflected from Surface S, watts/2
o Incident Energy, watts/cJ

. , i0 "23k Boltzmann s Constants - 1.38 x .njoule,OK

K ¢ A a T_ave

N Multiplier - Number of Suns
N_ Relative Wave Number - Dimensionless

l n Index of Refraction - Dimensionless
P Power, Watt s

j q Charge of electronQ Heat Input, watts.meter 2!

i r Reflectivity - DimensionlessR Resistance - Ohum

S Solar Constant (140 mw/cm z)

I s Solar Distribution (_/2micron)

T Temperature °C

t !

V -

B -

Transmittance - Dimensionless

Volume, cu. meters

Absorptivity, Dimensionless

Incident Angle, degrees

4
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LIST OF SYMBOLS (Cont'd)

0 -

)` -

O

)`1 "

)'2 "

)`3 "

p -

T

tO

Emissivity, Dimensionless

Efficiency, Dimensionless

Time, Seconds

Wavelength - microns

Stefan-Boltzmann Constant - 4.88 x 10 -8 kg-cal/sq m)(hr)(°K 4)

Cut On Wavelength - microns

Cut Off Wavelength - microns

Cut On Wavelength - microns

Density, kilograms/meter 3

Transmissivity - Dimensions

Angular Velocity, radians/sec

a - Area

B - Base

C - Coating

F - Filter

L - Load

m - Maximum

0 - Reference Value - Normal

P - Parallel

r - Reflectivity

s - Series

S - Surface

sc - Solar Cell

T - Temperature

t - Total

,,S,uperscrivts

' - Second

* - Normalized

5
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SECTION 4

GENERAL BACKGROUND

One of the most successful solar cell thermal control techniques is the

installation of cover glass slides with spectrally selective multi-layer

interference filters and anti-reflectlve coatings which selectively reflect

wavelengths outside the range of cell response. These filters are usually

applied to cover glasses made from fused silica. The cover glass mounting of

these filters has the added benefit of increasing the solar array emissivity

from about 0.37 for the bare cell to about 0.85 for the cover glass as well

as providing protection against radiation damage.

4.1 FILTER CHARACTERISTICS

The most desirable filter would transmit solar radiation only in the wave-

length region corresponding to the spectral response of the solar cell.

Unfortunately, real filters include undesirable transmission bands in the

IR regions. Throughout this study reference Is made to the ideal filter

which is a filter that cuts completely on and off at specified wavelengths,

has perfect transmission when cut-on and has perfect energy rejection when

cut-off. The region between the cut-on and cut-off is referred to as the

'band pass." The portion of the spectrum whlch is outside the bandpess

region, hence, is called the rejectlonband. Most earth-orbltlng spacecraft

which employ silicon solar cell power systems utillze a "blue" filter which

rejects solar energy only on the short wavelength side of the solar cell's

response bandwidth.

Suppression of both the shorter wavelengths and some of the solar energy just

beyond the cell's long wavelength response can be accomplished by using a

"blue-red filter." Figure 1 illustrates the transmissivity of the "blue-

red filter" as well as the ideal filter approximation. The blue-red filters

6
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generally exhibit an undeslrable transmission band in the IR region. How-

ever, It has been shown that the infrared rejection can be increased by

increasing the number of filter layers, as shown in Figure 1

When the filter-cell-stack is attached to a spinning spacecraft the insol-

ation will vary according to the cosine of the angle between the normal

to the cell and the spacecraft-sun llne. Thls is the angle of incidence

(B) which is illustrated below

/ = t d

Filter-Cell Stack

As the angle of incident illumination increases, multi-layer filters

exhibit a characteristic spectral shift to shorter wavelengths accompanied

by a decrease in the transmission.

Effects similar to the angle of incidence effects are also caused by

increasing the filter temperature. The following sections of this report

wlll discuss in detail the spectral shift and the transmission changes

caused by both the angle of incidence and the filter temperature.

4.2 REFLECTIVE COATINGS

Highly reflective coatings can be used for thermal control by covering a

portion of the photovoltalc cell and utilizing the hlghreflectlvlty of

the coating to reduce the total energy absorbed. The reduction of the

absorbed energy lowers the cell's operating temperature and can increase

the maximum power output at hlgh solar intensities even though there is

a reduction In active cell area.

PHILCO. WDL DIVISION
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Series resistance can be a major problem at high solar intensities; this

is generally overcome by employing high grid densities. Polishing the

grid contacts to produce a highly reflecting surface can be used as a

means of thermal control similar to the use of a highly reflective coating

deposited on a coverglass.

Reflective coatings might also be used in conjunction with the selective

interference filters. Reflective coatings offer some distinct advantages,

especially in conjunction with the examination of the series resistance

effects at very high insolation levels.

4.3 SOLAR CELL EQUIVALENT CIRCUIT

The equivalent circuit for a solar cell is generally considered to be as

shown in Figure 2. The junction is represented by a diode and the circuit

shows the representative power source, and lmnped series and parallel

resistances. The diode follows a modified classical diode equation, the

interesting deviations being common on silicon solar cells. Applying

Kirchhoff's Laws and taking the light generated current as positive for

convenience to relate to the I-V curves used in this report, gives the

following equation for the current I and the voltage V in the load:

In general, _ is usually large enough to make the last term negligible.

The dark, or saturation current, I is given by
0

I = a T3e Eg/l_r (2)
O

The light generated current IL is approximately proportional to the light

intensity incident on the solar cell. Thus,combining equations (i) and

(2) allows the analysis of solar cell performance for any specific condi-

tion of insolation and temperature.

PHILCO. WDL DIVISION
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SECTION 5

EXPERIMENTAL APPROACH

The experimental tasks are divided into two distinct areas; one is the spectral

measurements performed on the filters and coatings, the other concerns the

performance testing of the filter-cell stack assemblies. The test procedure

and description of the apparatus is presented in this section of the report.

5.1 FILTER CHARACTERISTIC MEASUEEMENT

To facilitate the study of the filter characteristics applicable to solar

cell covers on a spinning spacecraft, samples of six typical blue-red multi-

layer interference filters were obtained from Optical Coating Laboratory, Inc.

Characteristics of these filters are given in Table 1.

A random sample of four was taken from each of the filter types for spectral

measurements. The spectral measurements were performed over the range of

wavelengths from 0.35 to 2.0 microns. This range was felt more than ade-

quate since it covers approximately 90 percent of the solar spectrum. In

addition the substrate absorbs much of the UV and far infrared so that about

95 percent of the solar spectrum is thus accounted for. The data is presented

in Appendix }L

5.1.1 _ransmittance Measurements

A special fixture was fabricated that allowed the tilting of a single

filter-cover-glass with respect to the incident beam. The transmission of

each sample was measured on a Perkin-Elmer Model 350 Spectrophotometer as

a function of wavelength for incident angles of 0, 15, 30 and 45 ° .

It would be desirable to measure the spectral shift of the filters at

incidence angles greater than 45 ° . However, the thickness of the filters

(see Table I) caused a lateral displacement of the transmitted beam so

large that the beam was shifted off the detector. Thus, at increasing

incident angles, the experimental uncertalnlty increases to a point where

_HILCO. WDL DIVISION
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the measurements are no longer valid. Special devices can be constructed

to counteract this shift. However, the increased number of reflective surfaces

will tend to cause other unmeasurable errors. With the present equipment, the

measured transmittance of the filters is expected to have approxlmately

a _ 2Z uncertainty at normal incidence. For the thinner substrates, this

uncertainty is expected to increase to about _ 5l at an incidence angle of

45 °. With measurements at incidence angles greater than 45 ° the results

have questionable validity. The thicker filters show a noticeable drop

in transmittance at an incidence angle of 45 °. This is attributed to the

fact that the beam was being shifted off the detector. The experimental

uncertainty is also affected by the nonlinearity of detector response

across the detector face. Section 6.1.1.1 shows a method for extrapolating

the measurements to 90 ° .

5.1.2 Temperature Effects

Filter transmission measurements were made on the Perkln-Elmer Spectrophoto-

meter to determine the filter characteristics as a function of temperature.

To accomplish these measurements a special isothermal soak bath was built to

fit the test section of the spectrophotometer. The oven was properly

insulated so that the temperature inside the oven would not affect the

spectrophotometer. Temperature measurements were determined by means of a

laboratory precision thermometer. Spectral transmission measurements were

taken at 26.7°C, 65.5°C, and 139°C. These measurements are confined to normal

incident angles; however, the results are directly applicable to other

incident angles. The experimental accuracy is expected to correspond to

that of the transmission measurements described above.

5.1.3 Reflectivity Measurement

The samples to be used in the equilibrium temperature tests were cemented

with Dow Coming XR-63488 adhesive to Hoffman type N12-CG silicon solar

cells.

10
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Reflectivity measurements were then made on the test samples wlth the

Perkln-Elmer Spectrophotometer total integrating sphere. The resulting

curves represent the portion of the incident beam reflected; however_

they also allow the determination of the thermal absorptivity, since

all the energy is either absorbed or reflected}from:

- I - r (3)

Comparison of the results shown in Table 4 between the reflectivity and trans-

missivitymeasurements showed excellent agreement except in the UV region where

a noticeable increase in absorptance was observed from the reflectivity

measurements. This increased absorptance in the UV region is attributed

to the energy absorbed by the adhesive and not an experimental error.

This is substantiated by the excellent agreement throughout the rest of

the spectrophotometer traces.

5.2 COATING CHARACTERISTIC MEASUREMENTS

The equilibrium temperature experimental program was to consider samples

with highly reflective silver deposited on fused silica substrates. The

solar cell covers obtained from OCLI for these equilibrium tests were 60

mil fused silica substrates with 20 and 40 percent of the second surface

area covered with the highly reflective silver coating.

To eliminate geometrical orientation effects, the characteristics of the

coating and substrate were determined independently. Reflectance measure-

ments were made on the bare coverglass cemented to the solar cells identi-

cal with this procedure described for the filters. In addition, a one inch

diameter metallic disc was obtained with the silver deposited on the front

surface. Reflectivtty measurements were also performed on this disc. The

proper combination of these two results allows the evaluation of the

composite coating-cell-stack spectral characteristics (see Section 7.2),

PHILCO.
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5.3 EQUILIBRIUM TEMPERATUEE TEST

The basic objective of the work reported in this section is to measure the

performance of solar cell assemblies with filters and with selected area

fractions of reflective coatings. The experiment was to simulate a spinning

spacecraft with solar cells bonded to, but thermally insulated from, the space-

craft. The tests were performed at three flux levels such that the normal

insolation was one, three, and six times the solar intensity of one air

mass zero sun.

Tests were performed on filter-cell-stacks utilizing the six multi-layer

interference ftlter_types previously discussed. In addition, tests were per-

formed on cover-cell-stack assemblies which employed two reflective coat-

ing area fractions. In the reflective coating tests, area fractions of 20

and 40 per cent were used. The coatings were applied completely covering the

long dimension perpendicular to the cell grid lines.

The tests were conducted with the purpose of determln£ng the performance

characteristics of each type of solar cell cover with a view toward

maximizing the available power at the partlcular solar intensities.

5.3.1 Test Procedure

The voltage-current relationship of each cover-cell-stack was obtained at

a one sun intensity prior to the equilibrium temperature test. These

calibration tests were performed on the OCLI solar simulator because of the

superior spectral match to the actual solar curve as well as the uniformity

and repeatability of the output. The results of these calibration tests

were recorded for comparison with identical recalibration tests which were

performed following the exposure to the high solar intensities. The cali-

bration tests were performed in an effort to observe any degradation in cell

performance which might occur from exposure to the high insolation and

elevated equilibrium temperatures.

12
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Following the initial calibration test each model was installed in the

vacuum chamber and tested at one, three, and six times the solar intensity

at air mass zero. The distance from the Strong Carbon Arc for the various

solar intensities was determined by pyrheliometer measurements inside the

vacuum chamber prior to the equilibrium temperature tests. The intensity

was checked during the tests by observing the short circuit current from

a calibrated solar cell placed inside the vacuum chamber at the test plane.

At the completion of the equilibrimn test, the cells were recallbrated on

the OCLI Solar Simulator as described above.

In addition to these tests, several tests were performed to support the

discussion of the equilibrium tests. A series of silicon cells with fused

silica coverglasses was placed at one sun position on the OCLI simulator,

and the short circuit current was recorded as a function of incident angle.

Also performed was a test where the short circuit currents of several

typical silicon solar cells were compared to the output from the Eppley

Pyrheliometer at increasing solar intensities. This test was to illustrate

the short circuit current's variation with intensity at high solar intensit-

ies. The results of these tests are reported in conjunction with the

equilibrium temperature tests. Several of the filter-cell-stacks were also

exposed to a humidity soak for eight hours at lO0°C and I00 percent relativlty

humidity and then retested on the OCLI solar simulator.

5.3.2 Description of Test Apparatus

The rotating solar cell tests were performed in a three foot diameter, three

foot long vacuum chamber at a pressure of approximately 5 x 10 -6 torr. A

magnetic drive was constructed which was driven by a gear reduction electric

motor. The drive was equipped for rotation in either direction. The magnetic

drive was accomplished by two bar magnets, one attached to the motor outside

the vacuum chamber and the other attached to the central rotating shaft inside

the chamber. This drive method eliminated the need for employing a mechanical

feed-through which might develop vacuum leaks during testing.

13
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The electric drive motor was geared for an output speed of 43 RPM. Tran-

sient heat transfer calculations were performed from which it was observed

that any rotational speed greater than I0 RPM would have a maxlmmn temp-

erature variation of less than three degrees (3°C); thus, any rotational

speed greater than I0 RPM should produce identical equilibrium temperatures.

The output variation of the solar cells rotating at 43 RPMwas found to be

well within the response of the Sanborn Recorder (Item 3 Table 2) and was there-

fore accepted for the test. Figure 3 shows the drive motor and magnet

attached to the vacuum chamber.

The inside of the vacuum chamber is lined with a cold wall shroud which was

palntedwith a flat black vacuum palnt to provide an acceptable heat sink for

the experiment. Inside the shroud, the central rotating shaft is supported

in three places by teflon bearing supports which allow the shaft to rotate

freely even at the very low temperatures imposed by the liquid nitrogen

cooled shroud. On one end of the shaft is the mating bar magnet which drives

the shaft. The spacecraft model is attached to the other end which is

aligned with the Vicor window through which the radlatlonmust pass (see

Figure 4).

The electrical leads from the model pass through the shaft and are divided

into four sets of two leads which come out of the shaft at four places.

These leads then pass through apulley system and are attached to springs

as shown in Figure 5. From the springs the leads go to the electrical feed-

throughs. The pully system allows the lead wires to be wrapped around the

central shaft while the model rotates. It was found that with this tech-

nique the model could rotate approximately 120 turns before reversing the

rotational direction is required. This technique proved satisfactory

and eliminated the need for slip rings or other devices.

After attaching the model to the end of the shaft, the shaft and model were

insulated with many layers of aluminized mylar as shown in Figure 5. This

was to reduce extraneous radiation from the model as well as protect the

14
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lead wires from the high solar intensities.

Also included inside the chamber was a fixed water cooled solar cell which

was used as a means of measuring the magnitude of the incident flux. The

short circuit current of this cell was calibrated against the Eppley Pyrhello-

meter inside the chamber. Thermistors were installed on the cold wall at the

far end of the shroud and behind the water cooled solar cell. The cold wall

thermistors provided a check on the sink temperatures while the one on the

cooled solar cell was used as a check on the water cooling.system.

The electrical wiring and instrumentation components are shown on the

Instrumentation Block Diagram (Figure 6). The voltage and current output

from each solar cell was recorded on a calibrated Sanborn Recorder. The

cell's temperatures were obtained by measuring the respective thermlstor's

resistance on a Leeds and Northrup Wheatstone Bridge.

The current was measured by monitoring the voltage across a shunt resis-

tance. The shunt resistance was obtained by the use of an EICO precision

resistance decade box which allowed the use of the particular shunt re-

sistance which would give the maximum accuracy on the recorder trace. The

load resistance was also made variable between 0 and I00 ohms by the use of

a Helipot Precision Potentiometer. As shown in the Instrumer.tationBlock

Diagram (Figure 6), the load resistance on the cell is the sum of the variable

shunt resistance and the potentiometer resistance.

Figures 4 and 7 are photographs of the instrumentation used for the equili-

brium testing. The apparatus was mounted on a cart which could easily be

moved with the vacuum chamber.

The one sun calibration tests were performed using the OCLI solar simulator

(Figure 8). The output of the solar simulator was established by measuring

the short circuit current output from the Heliotek Standard Solar Cell.

The output from each test cell was recorded on the Moseley X - Y Recorder.

The short circuit current was also measured with a precision Weston

15
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milliampmeter to provide a more accurate value for future comparisons.

Figures 9 and I0 present a comparison of the manufacturers calibration

and the solar spectrum for the two solar simulators used in the experimental

program. Preliminary spectral measurements were performed to check the

manufacturer's data. In addition, the OCLI simulator lamps were balanced

and calibrated according to the calibration procedure supplied by the

manufactuerer.

Table 2 lists all the test equipment e_ployed in the experimental tasks

herein reported.

5.3.3 Description of Spacecraft Model

In evaluating the performance of solar cell assemblies which represent a

spinning spacecraft with solar cells bonded to, but thermally insulated from

the spacecraft, it is obvious that the only heat transfer mechanisms avail-

able for temperature control are those occuring on the front surface of the

solar cell assembly. In order to experimentally approximate these condi-

tions a model was constructed such that the heat transfer by conduction and

radiation from the edges and back of the cell assembly was minimized.

The model frame was made out of .0794 cm. thick fiberglass attached to a

brass tube. The cell attachment area of the frame was covered with a

.0397 cm. thick piece of fiberglass. The entire vehicle model was assembl-

ed with epoxy with the intent of keeping the thermal mass as small as

possible and also maintaining a minimum conduction path between the cells and

the mounting structures.

The filter-cell-stacks were attached to the model with a silicon adhesive

after the lead wires had been attached. Installed between the filter-cell-

stacks and the support were YSl precision thermistors which permitted the

determination of the filter-cell-stack temperature during testing. The

16
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model was then wrapped with .00254 cm aluminized mylar super radiation

insulation such that only the front face of the cell assembly was exposed.

Figure II shows the final insulated assembly ready for mounting in the

vacuum chamber as well as an uninsulated model illustrating the internal

construction.

Estimation of the heat leak from the lead wires and model conduction paths

for this final model assembly showed the heat leak to be less than 5 per-

cent of the insolation in the worst case. When this was compared with the

• 5 percent uncertainty associated with determining the incident flux, the model

configuration was considered adequate for this experimental investigation.

17
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SECTION 6

ANALYTICAL APPROACH

The prime objective of the analytical investigation is to determine the

optimum assembly using filters and/or reflective metallic coatings and

to predict solar cell temperature and performance at 1.0, 0.6, and 0.4

A.U. In addition various analytical efforts were performed to complete

the investigation of the filter and coatings spectral characteristics.

Supplementary analytical efforts were also executed to justify the

equilibrium temperature test program.

6. i INTERFERENCE FILTERS

Methods are presented which allow an approximation to the prediction of

the spectral characteristics of selective interference filters. The

spectral specifications for the OCLI filters are presented in Appendix A

for reference and to complete the basic understanding of the multi-layer

interference filters. This specification provides the reader with a measure

of the manufacturing tolerances and limits involved wlth the respective

filter characteristics.

6.1.1 Variation of the Filter Characteristics with the An_le of Incidence

6.1.1.1 _ectral Shift

The transmittance characteristics of all interference filters shift with

increasing angle of incidence towards shorter wavelengths. This shift

toward shorter wavelengths can be well approximated by the relation which

governs the angle shift of a single film (Ref. 3).

I

A = _o_/I sin 2 B2 (4)
n

where n is, in the case of the single film, the refractive index and in the

case of multi-layers is an "averase index." From Equatton 4:
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n = k ° sin 8 1
2 t2 (5)

_o "

If the "n" is unknown, equation (5) with measured values of B, I and k
0

allow the determination of the "average index" of refraction which, when

substituted into equation (4), allows the prediction of _ at any angle of

inclination. Therefore, transmittance measured at any two angles of

incidence allows prediction of the performance at all other incident

angles. Now let

t o

-f-- = Nx (6)

¢_ allows the
where Nkis defined as the relative wave-number. Equation _.,

expression of equations (4) and (5) in terms of relative wave-numbers:

i
= ...... (8)

'" sin 2 8
"_i1

2
n

Using equations (7) and (8) with the test data allows a simple and straight

forward method of predicting and evaluating the phase shift at high angles

of incidence.

6.1.1.2 Decrease in Transmittance

The preceding section described the spectral shift toward shorter wavelength

which occurs with increasing incident angle. As the incident angle increases,

there occurs a characteristic decrease in transmittance caused mainly by

the portion of light reflected by the various surfaces. The transmittance

as a function of both the incident angle and wavelength can be fairly

accurately calculated; however, these calculations require a complete

understanding of multi-layer interference filter design techniques and
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knowledge regarding the nature of the incident light. In conjunction with

this study Dr. Alfred Thelen (Ref. 6) calculated the theoretical transmission

for a typical blue-red multi-layer interference filter. These results

presented in Appendix H were used to confirm, in a general manner, the

transmittance measurements performed for this study.

In addition to the decrease in frontal area with increasing incident angle

the transmittance is effected by an increased reflection from the first

surface. Consider a plain cover glass which has an index of refraction

of 1.523 (a good value for various cover glass materials). Assume that

the incident light is natural or unpolarized light. (Unpolarized light

is a mixture of waves polarized in all possible azimuths.) By symmetry,

the reflectance of a surface can he determined by summing one-half of the

parallel polarized light and one-half of the vertically polarized light.

The reflectance of a surface is then given by

1 tan 2 @ - 81 ) + 1 sin2 @ " 81) (9)

r = 2 tan 2 (8 +81 ) _ sin 2 (8 + 81 )

The angles in equation (9) may be expressed in terms of the incident

angle and the respective indices of refraction by Shell's law as follows:

i I
n sin 8 = n sin0 (I0)

Equations (9) and (i0) allow the determination of the average reflectance

as a function of incident angle.

6.1.2 Variation of the Filter Characteristics with Temperature

Spectral measurements were made on samples of each filter type at 26.7°C,

65.5°C, and 139°C. These measurements presented in Appendix H showed effects

similar to the incident angle effects; that is, there occurs a shift to

the shorter wavelengths with increasing temperature accompanied by a

characteristic decrease in transmittance. However, these effects are much

smaller than the incident angle effects and appear to be inconsequential
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for solar cell performance calculations. The temperature effects are

much smaller than the uncertainty imposed upon solar cell calculations by

the typical deviations in cell to cell response to the solar spectrum.

6.2 REFLECTIVE COATINGS

The following analysis describes an approximate method of determining the

optimum area fraction of reflective coating to be used for maximum

pe r formance.

Consider a highly reflective coating applied to a defined percentage of

the lower face of a solar cell cover as shown

Reflective

coating

/ Substrate

Basic Assumptions:

i. No absorption in the substrate

2. All energy transmitted to the cell is absorbed

3. No absorption in the adhesive

4. Isothermal solar cell

5. No edge effects.

The energy reflected from the top surface can be determined by

Its = I° rS
(Ii)
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from which the transmitter energy is obtained

I = z (l-r).
t 0 S

(12)

Now the energy reflected by the reflective coating is determined by

A
C

= -- r I

Ir e AT c t
(13)

and the energy reflected by the solar cell is

A

Zrsc -- _T rsc It
(14)

Neglecting second order reflections the total reflected energy can be

obtained from equations (Ii), (13) and (14) as

I = I +l +I
r r r r
t s c sc

(15)

or

A A

= _r + e r (1 + r (1 _A_rt IoLs _ c "rs) _ sc -rs) "
(16)

Defining a total reflectivity such that

l = 1 rt
rt o

(17)

the expression for r t follows

A
c A (I

r t = rs +_t r e (I- rs) +_t rsc " rs)"
(18)
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The absorptivity is now determined as

A

at I - rt ffi i - rr + c (i + A r )]= SC S _J
(19)

and the total energy absorbed per unit area is

I = % z (2o)a o

Now consider an ideal case where the coating is totally reflecting and

the substrate is totally nonreflecting; hence, the total energy absorbed

per unit of area is given by

A I 1_1 •

la A t ffsc o

Comparison of equation (20) to equation (21) indicates that for area

fractions of reflective coatings between 20 and 60 percent the simplified

equation (21) gives very good results. The use of equation (21) allows for

a very general optimization analysis,and hence, with the stated restrictions

it is used in the following analys_s.

6.2.1 Reflective Coating Optimization AnalySis

The "non-rotating" energy balance for the ideal coating is given as

A
_- S - cot 4 - P = 0 (22)

_$C
Klt

t

where the power can be expressed in terms of efficiency factors as

A
(23)

Combining equations (22) and (23)
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rce_a S - ¢ o'T 4 - TI° L1 - .00303 (T - .544) '_a S ffi 0. (24)

Now similar to the following analytical analysis for the quasi-study state

rotating spacecraft where the following equation Is obtained the incident

solar flux and the power output are assumed to vary as the cosine of the

incident angle now one half of each revolution

7T

C_T_a S S cos (_ d_
2rT

0

"¢ _T4 "_o 1 -.00303 (T - 544) S _ cos _} d R
°o 2_ = 0 (25)

which can be simplified to

_'_a S

--_ "¢ _T4 "_o L 1 -.00303 (T - 544)| _ ffi O. (26)
J I"F

Hence it is noted that equations (24) and (26) are identical if the solar

intensity is defined as the average solar intensity incident on the

photovoltaic cell.

6.2.2 Coatin_ and Filter Optimization Analysis

_2 *

 Tla s s.J

An obvious extension of the above analysis is to consider an ideal blue-

red filter with a cut-on at 0.4 microns and a cut-off at 1.2 microns.

Following the development of the filter analysis presented in Appendix C

the energy balance for the non-rotating filter coating combination can be

expressed as

_X2 * *

jXI_R S dX
d_-¢ _T 4 - _a _ _ S = 0 (27)

o R S dX

and from the above analysis for the rotating vehicle, equation (27) is

applicable (with the assumed cosine variation of solar intensity) simply

be defining S as the average over a complete revolution.
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6.3 ROTATING SOLAR CELL INVESTIGATION

The goal of the analytical investigation is to determine the optimum

assembly using filters and/or reflective metallic coatings and to predict

solar cell temperature and performance at 1.0, 0.6, and 0.4 A.U. The

analysis is to be conducted for the case of a spinning vehicle with solar

cells bonded to but thermally insulated from the space vehicle.

A complete analysis involves knowledge of many parameters which affect

both the cell performance and temperature. Almost all factors which effect

cell performance can be considered as degradation factors. For example,

ultra-violet irradiation, particle bombardment, temperature cycling have

dcgradiv_ effects on solar cell performance. In addition, the case being

considered requires knowledge of the optical effects of the selected cover

glass which can become very important at large angles of incidence.

This analysis presents a method of calculation which allows the use of any

combination of degradation coefficients and physical data to obtain the

cover-cell-stack properties that produces the maximum power output at

any given space location.

In addition to the prediction of optimum filters, evaluation of the per-

formance of cells with known filters was desired to back up the experimental

program.

6.3.1 Cell Temperature History

The degree of complexity of the analysis of solar cell performance is a

function of the transient temperature response of the cell. For a solar

cell in space with constant insolation, the equilibrium temperature is

a constant and can readily be determined. A solar cell rotating about an

axis perpendicular to tP_ insolation vector receives a sinusoidally varying

heat flux (neglecting optical effects of the coverglass at high angles of

incident) for one half of each revolution and nothing during the second
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half of the revolution. The cell also radiates to space for the entire

revo lut ion.

Appendix B presents the derivation of the equations which describe the

temperature history for a body heated in this manner. The basic equations

are :

ForO__

1
--_ sin (u_) - cos (u_) + Be (K/C)0 (28)

and for TT < (_ < 2

T = T(u _ ffi rr)e (-K/C)6 (29)

The analysis shows that the temperature extremes, for K/_C << I occur at

_ 1sin (_) = I and, -- . The results indicate that a filter-cell-stack
7T

having a total thickness of 0.190 cm (0.154 cm thick coverglass and 0.036 cm

thick cell) will have about 2°C maximum temperature variation at rotational

speeds of 43 RPM. Figure 12 presents the calculated transient temperature for

a typical unfiltered cell with a clear coverglass (e-.8, _-.7) exposed to six

suns and rotating at 43 RPM. It is apparent that for the cases considered in

this study the results of this analysis tends to Justify the assumption of constant

temperature. This assumption greatly reduces the complexity of the analytic

effort. The fact that the temperature variation determined from this

analysis was so small, was used to simplify the design of the rotating solar

cell experiment by allowing the use of thermistors to read the mean solar

cell temperature.

6.3.2 Cell Stack Temperature Gradient

The coverglass itself is beneficial to solar cell performance in that

it provides an effective way to lower the temperature of the solar cell
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operating in space. A bare cell (without a silicon monoxide coating) has

an emissivity between 0,3 and 0.4. When a cover glass is applied to the

cell the emissivity is raised to approximately 0.9. The coverglass is

also used for radiation protection when the cell is to be exposed to high

radiation doses such as solar probe missions.

The filters and coatings used for the experimental efforts were deposited on

0353 and 0.306 cm coverglasses. To evaluate the effect of these relatively

thick coverglasses on the cell temperature, an investigation of the thermal

gradient across the filter-cell-stack was performed.

The thermal gradient analysis of a fixed position filter-cell-stack indi-

cates that the heat conduction rate through a 0.153 cm thick coverglass

is large enough that the thermal gradient can be neglected. In addition,

the rotation of the cell stack causes the front surface to be alternately

heated and

cell-stack

operation.

analysis.

cooled. Thus, it can be concluded that the total filter-

can be assumed to be isothermal during equilibri_

This assumption further reduces the complexity of the analytical

6.3.3 Solar Cell Performance Analysis

The solar cell conversion efficiency at standard temperature,_, is defined as

the ratio of the maximum power output to the incident solar flux. For silicon

solar cells the conversion efficiency is primarily a function of temperature and

is effected very little by the magnitude of the insolation. Since the solar

cell conversion efficiency, _, generally decreases with increasing temperature,

the purpose of adding a filter is to transmit only the solar energy in

the spectral range where the solar cell response will tend to maximize the

potential power output.

Another method of thermal control to be investigated is the use of highly

reflective opaque coatings. Highly reflective coatings reduce the ratio

between the absorptance and the emittance which reduces the cell's
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temperature. The coating also reduces the active cell area; however, as

previously shown, at very high irradiation intensities the decrease in

output caused by the reduction of active cell area is more than offset

due to the increase in conversion efficiency caused by the temperature

reduction.

Appendix C presents the derivation of the power equation incorporating the

filter and coating characteristics. The slight increase in absorptance

caused by the coverglass and adhesive has been omitted; however, the in-

creased absorptance can he accounted for by proper scaling of the absorp-

tivity coefficient. The coating is assumed distributed over the cell

surface so that it will not introduce thermal gradients in the cell. Thus,

the assumption of the isothermal cell is still valid.

Appendix C presents the power equation for a non-rotating solar cell; the

extension to the rotating case with changing irradiation is discussed in

the Optimization Section of this report.

Appendix C illustrates the development of the energy balance equation used

in the solar cell performance analysis. Combining the terms the energy

equation can be presented as:

- _A F2

, r x s x d X l
F1 7XF ! NS

X_=O rx sX & sx _
_ J

_XF 2
(_B)F

XF 1

dk +

_.;IF I "

- e (T)_ A T4
r

dk + _XR2 ,rle(_C)RS_l}l

XR1 _I

(30)
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6.3.4 0ptimization Analysis

The non-linearity and complexity of the power and energy balance equations

prohibits a closed form solution for the optimum solar cell cover parameters.

An iterative numerical approach was determined to be the most expedient

method of solution. The optimization analysis presented in Appendix D

provided the basic approach to determination of the parameters which would

optimize the solar cell power output for the particular cases considered.

An electronic computer program was prepared using several previously developed

Philco programs as subroutines which incorporated the method of analysis

presented in Appendices C and D to provide the optimum values of the "cut-on"

and "cut-off" wavelengths as well as the optimum percentage of coating

required to obtain the maxi_mm power output for each case. This program

requires that all basic data be fit with appropriate polynominal equations.

The results of this program were used as initial values for the performance

evaluation program. This program uses the same equations developed in

Appendix C but the basic data is used in numerical form which increases

the accuracy of the results. This program then allows iterations of II

and 12 to check for the point of maximum power. The results of this analysis

are presented in Table 3. These results are for ideal filters and the

qualifications will he discussed in the following sections. The ramifications

of these results are apparent and show the requirement of decreasing bandpass

with increasing intensity.

6.3.4.1 Rotating Approximations

The performance analysis presented above has been developed for non-rotating

solar cells with constant intensity. It has been shown that the assumption

of constant temperature eliminates the time dependance of temperature from

the analysis. Consideration of the instanteous response of the cell would

require inputs of the filter optical effects as a function of incident angle,

the power output as a function of incident angle, and the filter-cell-stack

absorptivity as a function of incident angle. The resulting computer program
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would be beyond the scope of the effort herein reported. As a result,

the incorporation of "average values" allows the simplification of the

rotating consideration and provides a direct comparison to the non-rotating

analysis.

The major problem involved in such an analysis is the variation of optical

properties as a function of incident angle. Since the wavelength shift is

consistantly towards the ultra-violet as the angle of incidence increases,

the resulting optimized values of the wavelengths are to be interpreted

as applicable for an intermediate incident angle.

The incident solar flux varies with the cosine of the incident angle. The

average flux incident on the filter cell stack is then determined by

averaging the integrated flux per revolution. The average flux is then

given by

F = N_ S (31)
ave

Utilizing this assumption the absorbed energy for the rotating case can

be determined from the non-rotating analysis simply by dividing by _.

The light generated current is directly proportional to the incident solar

flux intensity and thus for power output where the external current is

approximately equal to the light generated current, the power can he

assumed to vary with the cosine of the incident angle. (At increasing load

resistances the power output tends to vary as the cosine square.) In the

analysis the difference in the power relationship has a relatively minor

effect and the assumption that the output power varies as the cosine of

the incident angle allows the same analogy between rotating and non-

rotating case as was used for the energy absorbed. This assumption also

allows the non-rotating analysis to be used directly in evaluating the

rotating cases. The only change that is required is that the solar

intensity be divided by n and considered as the average solar intensity

throughout the analysis.
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6.3.4.2 Sglar and Solar Cell Spectral Characteristics

The basic data for the solar spectrum used in this analysis was taken from

the solar spectrum as reported by Johnson. In addition to the solar spectrum,

data was required for the solar cell spectral response. Figure 13 presents

a typical silicon solar cell response curve from Reference I which was used

as input to the computer program.

6.3.4.3 Temperature Effectiveness

The solar cell maximum power can be empirically represented as a simple

function of temperature. The program uses a linear function; however, the

functional relationship can be modified to fit basic data as it becomes

available. The program used the temperature effectiveness as a multiplier

to the conversion efficiency to account for the effect of temperature on

the maximum power output.

6.3.4.4 Optical Properties

The general analysis allows the use of typical filter and coating properties

as a function of wavelength. The results obtained initially assumes an ideal

filter having a square bandpass region. The filter cell stack is assumed to

absorb apportionately to the absorptivity _, and reflect the amount (1 - _)

in the bandpass regions as well as reflect all the insolation in the rejec-

tion bands. For further efforts, the program also allows for absorption

as a function of wavelength in the rejection hands.

The optical properties used in the optimization analysis reflect an optimum

type filter. Once optimum cut-on and cut-off wavelengths are determined

from this analysis, real filter and coating affects should be investigated;

however, the ideal approximations are expected to yield useful results.
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6.3.4.5 DeRradation Effects

The parameters which affect solar cell performance, such as radiation

effects_ electrical properties of the cell_ and adhesive degredatlon are not

considered in the initial optimization analysis. These effects can be

accounted for by appropriately altering the solar cell conversion efficiency

to reflect the desired effect. It is expected that future uses of this

program will be made by which its versatillty can be explored.

PH I LCO.
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SECTION 7

RESULTS AND DISCUSSION

7.1 FILTER CHARACTERISTIC MEASUREMENTS

Appendix H presents the spectrophotometer traces for a typical example of

each filter type. For purposes of calculation and presentation, the values

for the four samples of each type were averaged and the average values are

presented in the discussions. It was noted, however, that very little

difference was observed between the traces for the same filter type. The

averaged results are presented in Table 4.

7 1 1 Fi lear Representation

The filter types obtained from Optical Coating Laboratory Incorporated can

be identified by the cut-on and cut-off wavelengths, presented in Table i.

They are identified by their respective cut-off and cut-on points for a

normal incident angle. These values are the result of averaging the 50

percent transmission points from measurements made on the four samples of

each filter type.

Filter types i, 2, and 3 have a bandpass narrower than the total solar

cell response bandwidth. Filter 4 is essentially a "blue" filter while

filter types 5 and 6 closely approximate a bandpass over the entire silicon

solar cell response bandwidth.

It is apparent that the above six filters are representative of the types

which would be considered for solar cell thermal control, with the possible

exception of the increased infrared rejection which would be beneficial

at extremely high solar intensities.

7oi.2 Spectral Shift

The method described in Section 6.1.I.i was used with the test data to

predict the transmittance shift at large angles of incidence. Measured
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values of transmittance for incidence angles of 0 and 30 degrees were used

for the calculations. These angles provided a means of calculating the

average index of refraction for the various filters. The calculated

values are presented on Figure 14. The predicted values of spectral shift

for 15 and 45 degrees show very good agreement with the measured values

and tend to substantiate the above described analysis. Figure 14 shows the

calculated spectral shift for the various filters as a function of the

relative wave-number. Table 5 compared with Table 1 illustrates the

agreement of these calculations to the actual measured cut-on points for

the six filters. These results show that for solar cell calculations the

transmittance shift, as a function of incidence angle_ can be adequately

approximated with measurements at any two incident angles.

7.1.3 Decrease in Transmittance

The method of approximating decrease in transmittance was used to predict

the decrease in transmittance for a typical solar cell cover.

The results for light from a vacuum to the cover glass is presented in

Figure 15. These results only consider one surface while in the filter-

cell-stack the light transmitted by tP_ first surface encounters several

other changes of materials; however, the subsequent surfaces can be shown

to be made less significant by matching the indices of refraction.

Most solar cell calculations using multi-layer interference filters assume

an average constant transmittance across the principle bandpass regions.

With a view toward this type of calculations measured values of transmittance

were averaged over the bandpass region and compared to the theoretical

curve. The results showed very good agreement and the agreement can be

made closer by using improved value for the index of refraction of the

coverglass.

As a further check, the theoretical calculations on transmittance were also

averaged over the bandpass region. These results are presented in Figure 15.
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The results of both the theoretical calculations and the spectrophotometer

test seem to indicate that the above described equations should provide

an adequate method for determining the average transmittance. Figure 16

illustrates the combined effect of the decrease in area by the cosine

factor and the reflectance at the front surface.

7.1.4 Variation of Filter Characteristics with Temperatures

Examination of the general equations suggested for filter calculations in-

dicates that the temperature effect is generally predictable if the

temperature effects on the index of refraction are included. Check cal-

culations were performed and the results further confirmed the use of this

technique for pred!ctinE the magnitude of the temperature effects on

multilayer interference filters.

The elevated temperature measurements indicated one problem which tends to

complicate the understanding of the temperature effect. Spectral measurements

were made on selected samples at 26.7°C following both the 65.5°C and the

139°C tests. No apparent difference was observed between the original 26.7°C

measurements and the 26.7°C spectral characteristics following the 65.5°C

measurements. However, when the spectral characteristics were measured

following the 139°C test, the spectral shift did not return to the original

value while the transmittance appeared to return to its original value.

If the filter did not remain at the elevated temperature for a prolonged period,

the filter returned to the original characteristic which seems to indicate

a time dependence upon this parameter.

It thus appears that some additional oxide is formed in the filter as a

result of the elevated temperature. As a part of the manufacturing process,

the filters are heated to 177°C • 5°C and retained at this elevated temperature

for a period of one hour. The spectral measurements seemed to indicate that

this enviromnental test shc,ald eliminate the above described effect.

Unfortunately, a complete investigation of this effect could not be

accomplished within the scope of effort herein reported. Furthermore, as
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stated above, this effect is stall enough so that it is inconsequential

to basic solar cell pmmr calculations. Further research seems advisable

in view of a more complete understanding of multi-layer filter characteristics.

In conjunction with the work herein reported, OCLI duplicated the transmittance

measurements on a typical blue-red filter which provided an independent

check on the magnitude of these results. These results further confirmed

the fact that the temperature effects on multi-layer filters are so small

that it can justifiably be eliminated from the solar cell output calculations.

7.2 REFLECTIVE COATINGS

The reflectivity mea_m_,r__nents of the coatinss are presented in Appendix H.

These traces show that the reflective coating has a mean reflectivity of

approximately 0.8 and the reflectivity of the substrate is approximately 0.2.

Assuming all the light reflected from the substrate is reflected by the

front surface and assuming that all the light reflected by the coating is

also reflected from the substrate, the percentage of incident light can be

calculated for various area fractions of coatings. Thus using mean values

for the 20 percent area fraction approximately 36 percent of the incident

energy would be reflected and 52 percent would be reflected for the 40

percent area fraction.

7.2.1 Reflective CoatL_ K Area Fraction Prediction

The approximate method of determining optimum area fractions of coatings

and the simplified method of calculating filter and coatings was used to

evaluate the usefulness of coatings as a means of thermal control.

For given solar cell properties and assuming an ideal filter, the mean

operating temperature was determined as a function of _S for both the

coating alone and the coating with an 0.4 to a 1.2 micron bandpass filter.

These results now allow the determination of power as a function of _S

which is presented in Figure 17. This figure shows the optimum value of
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mS to maximize power. These values of ?_S are now used to determine the

optinmm ratio of reflective coating as a function of average solar intensity.

These results are presented in Figure 18.

These figures show the relative advantage of using the ideal filter as

well as the percentage coating required. For example, at an average solar

intensity of two suns (AMZ), 48 percent of the cell is covered without an

ideal filter while only 15 percent of the cell is covered when the ideal

filter is used. The use of the filter also results in approximately 50

percent increased power output because of the increase in active cell area.

7.3 RESULTS OF OPTIMIZATION ANALYSIS

The results of the filter optimization analysis developed in Section 6.4

are presented in Table 3. These results show that to obtain maximum power,

under equilibrium temperature conditions, the filter bandpass is significantly

narrower for high intensity solar flux than for the smaller intensities.

The results also show that the bandpass region is not symmetrical about the

peak of the solar cell response curve but shifted toward the longer wave-

lengths. This is caused by the trade-off between incoming flux and generated

power output.

The results represent an idealized approach to filter optimization. The

filters are ideal filters absorbing only in the bandpass region. No

attempt is made to account for real filter effects such as the UV absorption

and the transmittance in the far IR region. The results are for a solar

cell having an overall conversion efficiency of I0 percent at standard

conditions. Additionally, the absorptivity and emissivity are assumed to

be constants rather than functions of wavelengths. The values used for

the initial results were _ = 0.7 and e = 0.8; both values tend to be a

little low for real filters.

Similar results were obtained for ideal filters and reflective area coatings

combined. In all cases considered the use of any reflective coating caused

I
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a decrease in optimum power. These results indicate that, with the initial

conditions considered, the interference filters provide the best means

of thermal control. However, the results seemed to indicate Ehat the

combination of coatings and filters might show some definite advantages

as a thermal control device, when the solar intensities are higher than

those considered in this presentation.

7.4 EQUILIBRIUM TI_IPERATURE TEST

7.4.1 Presentation of Test Results

During each test the load resistance was increased in incremental steps

up to i00 _. The output of both current and voltage, for each test cell,

was recorded on the Sanborn Recorder producing traces of cell output which

resemble the expected pulsating direct current. Figure 19 shows a typical

output obtained from the recorder.

The peak values of current and voltage were obtained from these traces and

plotted in the usual form for solar cell characteristics. Each test cell

was tested at the three designated flux levels. The results for each

cover type are plotted on the same figure for direct comparison. Figures

20 to 26 present the results from the tests performed. The extrapolated

short circuit currents and open circuit voltages are presented in Table 6

along with the recorded cell temperatures of each test.

Initial examination of the recorder traces seemed to indicate that at very

low load resistances the current output, as a function of incident angle,

varied approximately with the cosine of the incident angle, while at higher

load resistances the output appeared to be almost of square wave form.

Figure 27 is a typical plot of current as a function of incident angle for

various load resistances obtained from a typical recorder trace. Only the

current is present here, but from O_n's law, the voltage output is similar.

The extrapolated open circuit voltage from the presented data as well as

some additional open circuit voltage tests were plotted as a function of

38

PHILCO. WDL DIVISION



WDL-TR2949

cell temperature and the results are presented in Figure 28. It is observed

that regardless of the cell cover types used, data appears to be consistant

and illustrates the expected linear relation.

The extrapolated short circuit current results did not appear to be as

orderly and will be discussed in the next section. A preliminary test

showed that at high solar intensities the short circuit current dropped

appreciably with increasing temperature. In an attempt to explain these

results a series of cells were tested at various solar intensities at

constant temperature, and the results are presented in Figure 29. These

tests were performed on cells from the same lot as those used for the

rotating test and compared with other readily available silicon solar cells,

including the Heliotek standard cell used for calibration in this report.

The total intensity of the source was measured by the Eppley Pyrheliometer

These results show the expected linear relation as well as the unusually

good agreement between the different types of solar cells.

7.4.2 Discussion of Test Results

The plotted peak values of the rotating solar cell always appeared to a

normal incident angle. The l-V curves determined from the one sun test

were compared with corresponding I-V curve obtained during the one sun

calibration test. This comparison showed that the short circuit currents

were identical and the open circuit voltages exhibited the expected tempera-

ture dependence. This comparison confirmed the very short response time

for the cells even with the very narrow bandpass filters as well as

illustrated that the peak values can be predicted from the non-rotating

one sun calibrat ion.

7.4.2.1 Voltage - Current Relationship

It has been shown that open circuit voltage is not a prime function of

intensity but is linearly related to temperature (Ref. I, 2, etc.).

Similarly 3 the short circuit current is assumed to be linearly related to

39

PHILCO. WDL DIVISION



I.

I

WnL-TR2949

intensity and relatively ursffected by temperature° Basic references

generally show a slight increase in short circuit current with increasing

temperature; however, implied in the presentation of these characteristics

are the assumptions of constant flux intensity and negligible series

resistance. From these basic considerations the test results might be

expected to show a decrease in open circuit voltage with the increasing

equilibrium temperature caused by the increased insolation and similarly

a proportional increase in short circuit current caused by the linear

dependence of short circuit current on intensity.

7.4.2.2 Open Circuit Voltage

Figure 28 illustrates that the open circuit voltage varied as predicted

above. Also presented on this figure is the similar curve from Evans

(Ref i) as typical of silicon solar cells. The agreement of these curves

illustrates that these results appear consistant enough to suggest that the

open circuit voltage can be used as a rough check on the cell's temperature

measurement in the temperature ranges herein considered.

7.4.2.3 Short Circuit Current

Continued examination of the characteristic curves (Figures 20 to 26) show

that the short circuit current does not necessarily follow the simple

prediction suggested above. Figure 29 is the result of a series of tests

performed at constant temperature at various intensities. This test

verifies the approximate linear dependence of short circuit current with

intensity. This appears contradictory to the results reported for the

rotating tests; however, the combined effects of increasing temperature

and increasing insolation as well as the effect of the cell's series

resistance has not been discussed.

The results presented herein can be readily explained by referring to the

discussion of series resistance presented by Wolf and Raushenbach (Ref. 9).

The solar cells tested have a typical series resistance of approximately

4O
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one ohm (Ref 12). It is also to be noted that the leads from the rotating

fixture and the associated electrical contacts necessarily cause

approximately one ohm of equivalent series resistance. Wolf states that

at light intensities where the product of internal series resistance and

terminal current exceeds 250 my, the short circuit current can no longer

be considered identical to the light generated current. This statement is

substantiated by the results of the rotating tests. Assuming a two ohm

series resistance, the maximum short circuit current which can be obtained

and still follow the linear relationship is 125 ma. It is also expected

that as the cell temperature rises this value will drop significantly.

The test results verified that if the one sun short circuit current was

less than 20 ma, the one, three, and six sun tests would yield results that

conform to the linear relationship. However, if the short circuit current

exceeded the limiting value the short circuit current not only showed a devi-

ation from the linear relationship but showed a decrease with increasing cell

temperature. The decrease is not caused directly by the insolation but

by the resulting increase in cell temperature.

Figure 30 from Reference 9 illustrates the photovoltaic output characteristics

of two different solar cells taken at five values of solar irradiance between

50 mW/Cm -2 to 400 mW/cm "2. One of these solar cells is a gridded solar cell

with a series resistance of 0.38 _ while the other solar cell is a nongridded

solar cell having a series resistance of about 3.5 _. This figure clearly

illustrates that at light intensities high enough so that the product of

internal resistance and terminal current exceeds 250 mV, the short circuit

current can no longer be considered identical to the light generated current.

The light generated current for cases where the terminal current exceeds

this value can only be obtained by employing a negative bias on the cell.

An increase in cell temperature has the effect of translating the characteristic

curve in the direction of decreasing voltage. Translating the curves in

Figure 30 illustrate the temperature effect on short circuit current and power.

It is noticed that for curves which have a very sharp knee (low series

resistance) the short circuit current will remain almost constant with
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increasing temperature (up to some limiting temperature) while for high

series resistance cells the short circuit current can drop significantly

with increasing temperature.

The results of the equilibrium temperature tests clearly illustrate this

phenomenon; however, a complete experimental evaluation of these parameters

exceeds the scope of the present effort. It is apparent from these results

that at high solar intensities the series resistance becomes very important

in the analysis of solar cell outputs. These results also confirm the

fact that the cells with the smallest series resistance are preferable for

high fluxes; however, optimisation analyses must not lose sight of the fact

that lowering the series resistance of the cells tends to increase the

susceptibility to radiation damage.

7.4.2.4 Ar_le of Incidence

Figure 27 is a plot of current output as a function of incident angle for

various load resistances obtained from the recorder trace for filter #5.

This curve is typical of the results observed for all solar cell assemblies

tested. The shape of these curves can be expected by examination of the

basic solar cell equation.

q

" ° - 'o [" c,'* c32>

From this equation it is observed that if the exponent of the exponential

is approximately equal to zero, the current varies identically with the

light generated current; however, for high load resistance this does not

hold. From these results it is apparent that determination of the cell

output for a rotating satellite requires a complete investigation of the

solar cell. It is observed that the current output remains rather flat,

at high load resistances, over a wide range of incidence angles which

indicate that the variation of power _tput from a tilted or rotating

solar array is a function of the load resistance as well as the intensity

incident on the cell.
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7.4.2.5 Rquili_ium Temperatures

Table 6 presents the extrapolated short circuit current, the open circuit

voltage, and the corresponding equilibrium temperatures obtained on the

rotating tests. The temperatures reported deviated somewhat from the

predicted values which can be contributed to the many variables such as

unknown thermal properties, UV absorption, IR transmission bands, heat

leak through the mounting fixture, heat leak from the conduction leads,

and insulation properties, and uncertainty in flux intensity. It is

apparent, however, that the narrow bandpass filters provided substantial

thermal control. Examination of the bandpass regions of the filters shows

that filters 1, 2, 3, and 4 pass approximately equal energy levels,

especially when including the IR bandpass. The wide bandpass fiiter,

filters 5 and 6 show much higher temperatures as well as much lower output

at six suns. All the filters tested show approximately a three-fold increase

in short circuit current from one to three suns. However, the effects of

series resistance, temperature, and bandpass intensity cause severe devia-

tions as the insolation was increased from three to six suns. The results

clearly illustrate the advantage of selective interference filters as a

thermal control device as well as the importance of solar cell thermal

control.

7.4.2.6 Reflective Coatings

The results from the reflective coati.g area fraction tests show results

similar to those reported for the filters and verified the possibility of

their use as a thermal control device.

7.4.2.7 Approximate Peak Power Points

Table 6 shows the approximate peak power points calculated from the l-V

characteristic curves. These values indicate that for rotating solar cells

a clear coverglass with an AR coating would produce the best results for a

normal solar intensity of one sun (ANZ). At three suns, the reflective
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coating with 20 percent area fractions showed the highest available power,

and from the reflective coating analysis it is expected that again a clear

coverglass with an AR coating might still improve the peak power output.

When the solar intensity was increased to six suns, the selective interference

filters (particularly filter #3) appeared to give the best output power.

From these results, it is expected that at solar intensities less than three

suns, an ideal filter with a bandpass range matched to the entire solar cell

response curve and having maximum IR suppression would produce the best

results. At increasing solar intensities, narrowing of the bandpass range

is indicated. These results determined from tests using only the one type

of silicon solar cells but should he generally applicable.

7.5 G_!BRAT'rON TESTS

In addition to the results from the rotating experiments, the one sun

calibration tests showed that no apparent degradation occurred to the cells

as a result of the exposure to the elevated temperatures and high solar

intensities. The one sun I-V curves obtain following the rotating test

showed excellent agreement with the original calibration curves. Following

all tests, several test filter-cell-stacks were exposed to a high

humidity soak (100 percent humidity at lO0°C) for a period of eight hours

followed by eight hours on the laboratory shelf; the cells were re-calibrated

at the one sun condition with no noticeable deviation in performance.

7.6 ENVIRONMENTAL TEST

All solar cell covers supplied by Optical Coating Laboratory, Incorporated,

are subjected to the environmental tests as delineated in Appendix G.

These tests seemed to negate the need for further environmental testing

and supplied confidence in the durability and adaptability of the filter for

solar cell power systems. Additional humidity tests were performed

followir_ the equilibrium temperature experiment and confirmed the fact that

the filters are insensitive to basic environmental effects. It would be

desirable to extend this testing to include the effect of radiation damage

such as might be encountered in spacecraft missions.
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SECTION 8

CONCLUDING REMARKS

The results of this investigation indicated that filter spectral character-

istics can be adequately predicted, for most appllcations, from the element-

ary analysis presented. Also, the elementary analysis performed for highly

reflective coatings appears to agree with the experimental results.

Both the experimental and the analytical efforts indicate that selective

interference filters were superior to reflective coatings as a means of

thermal control where the objective is to maximize the available power

output.

The analytical optimization analysis illustrated the expected trend of

reducing the bandpass region for close sun approach. These results illust-

rate that if the bandpass region could be made variable, the power output

would show an increase with increasing insolation; however, filter optimized

for a one sun intensity would exhibit a continuous decrease due to the

rapidly rising cell temperature.

The equilibrium temperature tests substantiated the analytical efforts.

These tests also showed that spinning solar cell performance can be pre-

dicted from average temperature and specific insolation consideration.

The experimental tasks did illustrate the importance of series resistance

on solar cell output at high temperatures and high insolation. Analysis

of the experimental data indicated the need for detailed solar cell test-

ing at high temperature and high levels of insolation to complete the

investigation of solar cell performance as a function of various temperature

control devices.
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Table 2 List of Test Equipment

1. Strong Arcomatic Solar Simulator

Type 75000-2 Sezial No. 54943

2. Optlcal Coating Laboratory, Incorporated Solar Simulator
Model 31

3. Sanborn Multi-Channel Recorder

Model 350-I00B Serial No. 1170

4. Simpson Direct Current Milliampmeter
Model 373

5. Weston Direct Current Milllampmeter

Model 931 Serial No. 65245

6. .t__!ipot Precision Potentiometer

Laboratory Model T-10-A

7. EICO Resistance Decode Box

Model 117

8. Leeds and Northrup Wheatstone Bridge

Model No. 4735

9. Moseley X-Y Recorder
Model 135

i0. Eppley 180 degree Pyrheliometer (Calibration 8.65 millivolts/cal

min-l) Model 50 Serial No. 4311

Ii. Heliotek Standard Solar Ceil

Cell Serial No. 170

12. Perkln-Elmer Spectrophotometer

Model 350 Serial No. 197

13. Perkln-Elmer Spectrophotometer

Model 13U Serial No. 192

14, Bausch & Lomb Grating Monochrometer

Model 33-86-25

15. Vacuum Chamber with Instrumentation

16. Hoffman (type N:20 C G) Solar Cells - Efficiency 58 ma @ 400 my

(I x 2 centimeter N/P silicon cells with grid lines on the short

dimension)

-2
cm
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Table 3 Optimization Results

Optimum "Cut On" and "Cut Off" Wavelengths for Ideal Filter

Non-Rotatlng Solar Cell

NS kl )'2 p1 T
ave

-- Microns Microns M_/CM2 OK

1 0.49 1.025 12.47 301

3 0.62 0.98 18.45 352

6 0.73 0.96 1°.95_.;, __6__.
J

Rotating Solar Cell

NS Ii )'2 pl T
ave

-- Microns Microns _/O_ 2 oK

1 0.44 1.08 5.93 231

3 0.48 1.025 12.16 300

6 0.56 1.005 16.45 336

1
P
ave

- average power output per revolution

49

PHILCO. WDL DIVISION



WDL-TR2949

Table 3 Optimization Results

Optimum "Cut On" and "Cut Off" Wavelengths for Ideal Filter

Non-Rotating Solar Cell

NS kl k2 pl Tave

-- M/crons Microns M_/CM2 OK

1 0.49 1.025 12.47 301

3 0.62 0.98 18.45 352

6 0 -7._ n.o_ lq_q'; 364@#.J v _v --_ .._

Rotating Solar Cell

NS )' 1 )"2 pl Tave

-- Microns Microns _Id/CM 2 oK

1 0.44 1.08 5.93 231

3 0.48 1.025 12.16 300

6 0.56 1.005 16.45 336

P
ave

- average power output per revolution
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Table 4 Normal Cut-On and Cut-Off Wavelengths From
Transmlsslvity and ReflectivityMeasurements

(Wavelengths in Microns)

Filter Cut-on - X1 Cut-off - k 2 Cut-on - _3

Type _ * r * T r _ r

1

2

3

4

5

6

.405

.590

.701

.808

.390

.405

.4O3 .583

.588 .694

.692 .810

.815

.390 1.09

.404 1.095

.579 1.21 1.20

.693 1.23 1.22

.799 1.28 1.24

1.09 1.47 1.47

1.09 1.49 1.48

* _ - results obtained from transmittance measurements

r - results obtained from reflectivity measurements
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Filter

Number

3

20% Coating

40% Coating

Table 6

Number

of

Suns

i

6

I

3

6

I

3

6

1

3

6

1

3

6

I

3

6
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Suemmry of Rotating Solar Cell Test Results

Tsink

oK

231 271

218 291

233 325

231 267
218 282

233 328

228 276

228 ,_ong,, _Jv

236 323

228 272

228 284

236 324

231 276

230 291

230 352

231 276

230 287

279 348

218 267

231 285

221 342

218 265

231 283

221 322

Tcell

oK

I
sc

Amp.

•017

•051

•076

•015

•045

.069

.015

;0_.6

.095

.021

.060

_!05

•O56

•145

•128

.056

•145

•128

.058

.168

.076

.047

•128

.088

E
oc

Volts

.59

.55

.475

.595

.56

.48

.575

•560

.490

•580

.550

.480

•600

•565

.335

•600

•565

•335

.610

.540

.370

.625

.580

.425

Ppeak

mW

4

12.8

17.8

3.44

13 .i

16

3.2

13.6

22.5

4.8

16.2

21.55

17.2

29.25

i0.85

17.2

29.25

i0.85

17.2

37.8

13.0

14.95

26.3

15.25
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APPENDIX A

BLUE-RED REFLECTING SOLAR CELL COVER SPECTRAL SPECIFICATIONS

The spectral specifications for the OCLI are included for reference and to

complete the basic understanding of the multl-layer Interference filters.

This specification provides the reader with a measure of the manufacturing

tolerances involved wlth the respective fllter characteristics.

Antireflection Goati_

OCLI solar cell covers are produced wlth slllcon-monoxlde antlreflectlon

coating on one surface which is designed to enhance the transmission of

energy to the solar cells in the region of peak spectral response_ A

single layer coating is applied to produce reflections less than two

percent in the wavelength region from 600 to 800 mlllimlcrons.

Cut-OnToleranGe

The cut-on (XI) of the blue-red solar cell cover filter is defined as the

point in transmission characteristics where the slope of the curve from the

blue ref!ect_ve region to the hlgh transmission region is at 50 percent.

Standard tolerance for the filter cut-on Is _15 m_. The location of the

50 percent point In transmission (cut-on) of the filter, which should be

optimized to the spectral response characteristics of the particular

solar cells selected, shall be defined by the user.

Ultraviolet R eiection

This is the reglonwhere the transmission of the filter Is less than one

percent, providing the protection from ultraviolet damage to the adhesives

normally used to bond the covers to solar cells. Ultraviolet rejection

also serves to reduce the operating temperatures of the solar cells,

thereby increasing their efficiency. The followlng ultraviolet rejection

will result as a function of the location of the cut-on point:
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(kl) - 400m_ to 425z_ - Less than one percent average transmission
from 300m1_ to 370_.

(_,I) - 430m_ or above - Less than one percent average transmission
from 300_ to 400m_.

Cut-Off Tolerance

The cut-off of a blue-red solar cell filter (X2) is defined as the point

in the transmission characteristics where the slope of the curve from the

high transmission region to the infrared rejection region is at 50 percent.

Standard tolerance for the filter cut-off is i_l_.

Transmission Characteristics

The following are the transmission values, measured at normal incidence

in air, of a blue-red filter deposited on either microsheet or fused

silica:

a. From 600_ to 800e_ - Not less than 92 percent average

b. From (_1) + 50m_ to (X 2) - 80n_ - Not less than 92 percent
average

_nfrared Relectlon

In the blue-red filter, energy in the infrared region outside the spectral

response of the solar cells is rejected by reflection. This results in

lower operating temperatures of solar cells, thereby increasing their ef-

ficiency. A cut-off point within one of the following ranges should be

specified with the following rejection bandwidths:

a. (k2) from 1100_ to 1125m_ ffi 300et_ minimumbandwidth.

b. (_2) from 1130_ to l160e_ ffi 3_e_ minimum bandwidth.

c. (_2) from 1165m_ to 1200_ = 350n_ minimum bandwidth.

The maximum transmission at peak rejection of the above rejection bands

shall be five percent maximum.
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APPENDIX B

ROTATING SOLAR CELL I_SIEFf _ AI_LYSIS

The purpose of this appendix is to describe the wethod employed in

determining the temperature variations for a rotating solar cell.

transient response can be characterized by the following equation

The

where

= -c A a T4 + _ Q (_-I)

pVCp - the system thermal capacity joules/°K

A - the geometric area_eter 2

¢ - solar cell emissivity - dimensionless

- solar cel 1 absorptivity - dimensionless

- angular displacement - dimensionless

Q - heat input - watts/meters 2

Assuming that the temperature variations are small (eq. T - T
ave

allows the following linearization and si_plification:

<< Tar e)

Cdd-_e+icr =Q (B-2)

where

C = pCJ

3
K=¢AaT

ave

Q = _ Onax sin(®S)

Q = 0
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The differential equation has been linearized for cases T-Tav e << Tam e.

For 0 _ (o_) -< n

For

T tL t "(E/C)e
1 sin (_e) - cos CoS + Be

2

_ (u_) < 2m, or 0 _ (u_ R) _

T = TeR__O (e'(K/C)eR)

(s-3)

(_-4)

At 0=0

e °-max t F q
.,,c 2 L'ij + B (s-s)

Qmax
B = Teffi0 + _C 2 (B-6)

Quasi-Steady State

I. When quasl-steady state conditions have been achieved, and (k/_C)<<l,

(i) The sin (_._) term is negligible, and

D

(2) e (K/C)_ may be linearized.

Under these conditions,

0 _ (o_) _ n,

Qmax E.co s (_)_+ B (1- (KIt)e) (B-7)T= a_

= wC w TameC

0 _ (_eR) < n

E "1T = z.._ = o t - Cx/c)on] (s-9)
P

85

PHILCO.
•_- ,._-_.ve_,-.-'_,,_

WDL DIVISION



WDL-TB2949

In general, a conplete solution would be accomplished by assuliug Te=o,

solving for Twe=_ , and then substituting and reiterating until
vergence has been obtained. An initial esti, te is achieved by :::"

following:

Since the sin (wS) term may be neglected, and the exponential term is linear,

thermal symmetry may be assumed, i.e., T occurs at _ = n/2 and 3_/2.
ave

for an initial condition instead of Tin8 =From Equatlon(B-9), using Tav e n,

TS__0= =aver1 "( C_)_ ] = TaveI1 - ? _= ]2T Cw
ave

(B-10)

F_om

B Tve [1 - _ 0_a _nax
ave

(S-ll)

Since (KImC) << I

1 _°-_:s,
B=T +-

ave 2 mC (B-12) (B-12a)

To_a_ n = " Qmax [.cos_ (0_)] + [Tave +_.I " _cQmax] rl o T_Tavec_'Qmax8]

ave

dT

de C _C
+-- =0

2_'T
ave

ave

86
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Equation (B-16) shows that for (K/wC) << I, the thermal sywmetry assumption

used to evaluate B is valid, i.e.,

(S-17)
Tare = caw

occurs at (wS) = (o_)R = w/2, and that the maximum and minimum temperatures

of a cycle occur at

sin "l(_'- 18.5 ° ' 161.5 ° (s-is)

=" 0.973 w, 0.897 rr radians.

• t._Io_ _ (_-20_ will vrovide theUsing these values of we zn Eqtuitlon; t_ *-, ......

temperature extremes

=_ r-oo.c_>-_0 ÷T0_t_ = _C

eAw

.,,. <,_,</<__-)I
1

(s-19)

(B-2o)

Calculations are simplified by assuming us'tiC area (A) in calculating _nax

and V, £ro_which Q, K, and C follow.

4

Since ¢OA Tav e = @ _nax/n, T will rise and fall when Q is greater and

smaller, respectively, than _ _ax/w. This occurs when sin (8) = 1/w.

2. If (K/wC) >> i

T=_ 1

....,< 7+(_).[ _,.o<,.>-°o.<-_>?+,.-<"°>_(B-21)

, $,c.,.<.,,- oo. +,.-<,,°,0'< ,+(_
87
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When (K/C) is also very small (negligible mass), the solution approaches

K

which is an instantaneous response to the input heat, Q, function. The

linear approximation of K is not applicable here.

(B-23)

3. When K/mC is not >> or << I, the times and angular positions of tempera-

ture ext rues are obtained from

(x/_c) cos(_) + sin (_) - [ s <1+ KJ_ 2 ]e-(_Jc)0 (B-24)
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APPENDIX C

THEORETICAL PERFORMANCE ANALYSIS

This appendix describes the method ewployed for solar cell performance

analysis used in the optimization analysis. A single solar cell is con-

sidered isolated from its surroundings except on the face of the cell.

The cell can have any combination of interference filters and area fraction

of highly reflective coating. The cell is assumed to be at constant

temperature. The basic energy balance can now be characterized by the

fol lowing equation.

Qin" Qrad- P = 0 (c-l)

Each term of Equation (C-l) is now investigated individually in an effort

to establish the final equation for computation.

The energy absorbed is composed of two parts, that absorbed by the filtered

portion of the cell and that absorbed by the area fraction of reflective

coating;

(c-2)

The integrals were evaluated by obtaining functional representation of the

values and numerically integrating. For the present study, an ideal filter

was assumed and the integrals were evaluated accordingly. It was further

assumed that the filtered area and the reflective coating portion of the

cell were at the same temperature. The ratio of (NS/_ sXA_) is a convenient

method by which different values of solar intensity can be included. The

value of N is a multiplier which accounts for the average flux per unit

of time.

The second term of Equation (C-l) is the energy emitted from the cover-

glass-cell-stack. The energy emitted is given by
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Qrad ffiscrT4

when the thermal sink is considered to be absolute zero. The above equa-

tion implies that the emissivity is a constant; however, it is preferable

to express the emissivity as a function of temperature in the final equa-

tion.

(c-3)

The emissivity is measured monochromatically and a wavelength-temperature

transformation can be accomplished by using Plank's law for normal black

body radiation. A polynominal can be fitted to the ¢(T) data; thus,

¢cYT4 = (Ao¢ + AI¢ T + ..... An¢ Tn)oT 4
(c-4)

Considering the ratio of active cell area to total cell area (AA/_) , the

power generated by the solar cell can be expressed as

where _ is an over-all efficiency accounting for various parameters.

ing the development of Cobb (Reference 8) _ is separated into its composite

parts which allows appropriate functional representation.

(c-5)

Follow-

The cell response, filter transmittance, and solar radiation can be repre-

sented as functions of wavelength. The "filter effectiveness" is thus

expressed as

_0

= rxsx 

The increase in effective transmittance which results from the presence of

the adhesive has been omitted; howeverj this effect can be accounted for by

adjusting the transmissivity. Utilizing the ideal filter approximation as

an optimum filter type, the optimization analysis assumes constant values

(c-6)
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of transmittance in the ba_lpaes region and zero tranmaittaaca in the

rejection region. The "filter effectiveness" is then simplified and the

cut-on and cut-off wavelensths are included as follows:

T _k x2 rkskd _

I

I rXsx5
0

The bare cell efficiency_ is a product of the standard cell conversion

efficiency and the temperature dependence. The temperature dependence is

essentially linear; however, at low temperatures basic data indicated a

deviation from the linear relationship. The bare cell efficiency was then

represented by the following function relation:

(C-7)

T_B = (Ao; AITT + ...... An T Tn) _o
(c-s)

Substituting Equations (C-7) and (C-8) into Equation (C-5) yields

7;X_I rxs_dx

P ffi(Ao; AIT T + ..... A Tn) _]o NS '_

nT lOrXS]kd x

(c-9)

Available data was used to determine the quantity rk_ as a function of

wavelength. These data were approximated by a "least squares" curve fit
th

to an n order polynomial as follows:

= + A 1 k + A Xnrksx Ao ...... n
r r r

(c-to)

The order of the polynomial used is based upon a tolerance comparison of

the polynomial and the numerical integrals between Xrl and Xr2. A maximum

value of the order of the polynomial was also imposed on the calculational

procedure.
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The procedure described above was used for the determination of the optimum

filter for a particular isolation. This analysis also allows for the

optimization of a filter when used with an area fraction of reflective

coating.
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APPENDIX D

OI'f_ZATION _OCE_UP_

The optimization analysis assumes that the optimum interference filter would

be one that closely approximates the ideal filter. The concept of the ideal

filter implies that specification of the cut-on and cut-off wavelengths

completely defines the filter. The power and energy balance equations

presented in Appendix B are the equations used to determine the cut-on and

cut-off wavelengths. The wavelengths to be determined are those which

maximize the power at a particular insolation. The energy balance is a

constraint which must also be satisfied. If these equations were linear

the optimum power parameters could be directly solved by the use of the

Lagrange multiplier method. H_ver, the nonlinearity of these equations

required use of the Runge-Kutta-Cill method of solving N first order

differential equations by integration.

A computer program previously developed by Philco was used for the solution

of these equations. This program maximizes the function F(X) subject to the

constraint C(X) = O, where X is an N dimensional vector. F(X) is maximized

when the pro4ectlon of VF(X) on the hypersurface C(X) = O. The basic

differential equation which solves for the projection (P) is given by

:VC VC (V-l)

When the normal of P is smaller than a given value (the calculation toler-

ance) or when the integrating step size reaches a minimum limit the values of

X, and F(X) are considered optimum. In the optimization analysis F(X) and

C(X) are the power and energy balance equations respectively. The program

provides the optimum values of the components of the N dimensional vector

(i.e., cut-on and cut-off wavelength, area fraction of coating, etc.) for

the particular case considered.
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APPENDIX E

TRANSIENT TIME RESPONSE

The purpose of this appendix is to describe the method employed in the

determination of the transient time response of the solar cell, and

specifically, the time required of the various systems to reach the quasi-

steady-state operating temperatures. The transient response can be

characterized by the following equation:

dT T4 + A_ (E-l)_c-_ = - ¢ AO

where

i

wc = the system thermal capacity joules/°K

A = the geometric area meter 2

ffi average heat flux to system watts/meter 2

e ffi solar cell emissivity - dimensionless

= solar cell absorptivity - dimensionless

Assuming the system to be at some initial temperature T at time zero
o

provides the initial boundary conditions necessary to solve the above

equation for _ as a function of the system temperature. Thus,

1 _t -I T -i To + tan-i T To "_

co co W co

(E-2)

where

A

3
2 ¢AcT

co

WC

It is observed that at an infinitely long time, the system is in a quasi

dT
steady state and then_ equals zero. Thus, from equation (El), when Tco

defined as the steady state temperature

94
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It is no_7 observed that the quantity A is a system parameter and will

remain constant for a particular problem. Thus, it is apparent that if

the system temperature can be determined for any time greater than zero,

the solution for the quantity A follows. For the solar cell/filter systems

herein considered, the quantity A can, however, be approximated with some

degree of certainty.

Examination of equation (E-2) reveals that an infinitely long time would be

required to reach steady state; however, it is also obvious that the

calculation of the time require_! to approach steady state within some

specified interval is routire.
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APPENDIX F

EQUILIBRIL94 Tm_IPEKATURE ANALYSIS

The initial estimate of the solar cell mean operating temperature is of

prime concern in establishing the necessary experimental fixtures and

measuring equipment. This analysis will also be used for several initial

approximations concerning estimated solar cell performance.

Subsequent tr nsient temperature analyses will illustrate that in the range

of variables herein considered the temperature variations resulting from

rotation are small; hence3 the equilibrium analysis does predict the mean

quasi-steady-state temperature. Therefore_ this analysis is applicable to

the evaluation of the actual rotatir_ solar cell performance,

At equilibrium conditions the following energy balance governs the system

temperature

Qave. ffi Qave (F-l)
in out

The average energy into a rotating system irradiated on one side only can

be expressed as:

q _ cos e de

0

Qave. = 2_ (F-2)
in

where

e ffi angle of incidence

Q ffi source intensity - heat input

= absorptivity

Simplifying equation (F-2)

Q
ave.

in

Qin

7T
(F-3)
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The average energy out of the rotating system can be expressed (assuming

constant temperature and an absolute zero sink) as follows:

Qaveout = T4¢ o + Qe + Qcond (F-4)

where

G =

T =

Qe =

N --
"_cond

cell emissivity

Stefan Boltzmann constant

cell te_perature

electrical output

conduct ion losses

Assuming the solar cell is perfectly insulated from the mounting:

qcond ffi 0 (F-5)

Nm7 Qe is a function of Qavein and load resistance, and when Qe is a

maximum it is in the order of I0 percent of Qavein. It is also obvious that Qe

can be accounted for by modifying the _ such that the effective absorptivity

reflects the electrical loss. Hence,

Q'eff = _(I - l]) (F-6)

where

is the solar cell efficiency

Thus equation (F-l) becomes

_eff Qin
T 4ffi ca (F-7)
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Solving for T

which thus provides the approximation of quasi-steady-state cell temperature

as a function of the effective (_/¢) and solar insolance.

Figure F-I presents the results of calculations using equation (F-8). For

example, consider a solar cell with a cover glass having an effective _/¢

equal to 0.8. Figure F-I shows that the equilibrium temperature is 168°C

at six suns. The above analysis then states that if the temperature

variations during rotation are small, this temperature should be the mean

operating temperature.
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APPENDIX G

SOLAR CELL COVER ENVIRONMENTAL TESTING

All solar cell covers supplied by Optical Coating Laboratory, Incorporated

are subjected to the following environmental testing:

Humid it y

The filter shall withstand being exposed for a continuous period of 72 hours

to a thermostatically controlled environment of 120°F F +. 2°F and 987. + T/.

relative humidity. (Ref. Military Specification HIL-C-675, Para. 4.6.9.)

Solubility

The filter shall withstand being immersed in boiling distilled water for a

continuous period of 15 minutes.

Abrasion Resistance

Im,_diately after removing the _£iter irom _he " ...... I ..... _.._o_

the filter shall be subjected to an eraser abrasion resistance test of 20

complete strokes with a pressure of 2 to 2 1/2 pounds. (Ref. MIL-C-675,

Para. 4.6.11.)

Temperature Cycle

The filter shall withstand being cooled to the temperature of liquid nitrogen,

be retained at this temperature for one hour, and subsequently heated to

350°F _ lO°F and retained at this elevated temperature for a period of one

hour. The rate of temperature change shall not exceed 30°F per minute.

Adhe s ion

The filter shall not separate from the substrate or delaminate when a strip

of cellulose tape, which has been pressed firmly in contact with the filter,

is removed with a "snap" action.
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APPENDIX H

SPECTROPHOTOMETRE MEASUREMENTS

Appendix H presents the spectrophotometrlc measurements made on the fllters

and coatings used In this study. The curves presented are typical for

each filter type; no attempt was made to include a11 the measurements

made during the progress of thls study. The curves are presented In three

sections as follows:

I. Transmittance as a function of Incident Angle (also calculated

values for typlcal filter (Reference 6)).

2. Transmittance as a function of Temperature.

3. Reflectance of Fllter-Ce11-Stock Assemblles (also reflectance

of sample coating).
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TRANSMITTANCE AS A FUNCTION OF TEMPERATURE

(Normal Incidence)
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REFLECTANCE OF FILTER-CELL-STACK ASSEMBLIES
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